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Abstract 

The  effect  of  preheat  temperature  and  inter-pass  reheating  on  microstructure  and  texture 
evolution  during  unidirectional  hot  rolling  of  Ti-6A1-4V  in  the  alpha  +  beta  field  was 
investigated.  Three  different  heating  schedules  were  used  to  roll  plates  at  10  pet.  reduction  per 
pass  to  a  3:1  total  reduction  (true  strain  =  1.15):  (1)  preheat  at  955°C  with  inter-pass  reheating 
for  3  minutes,  (2)  preheat  at  955°C  without  inter-pass  reheating,  and  (3)  preheat  at  815°C  with 
inter-pass  reheating  for  3  minutes.  Following  rolling,  each  plate  was  air  cooled  to  simulate 
production  practice.  The  microstructures  and  textures  were  determined  using  electron- 
backscatter  and  X-ray  diffraction  techniques.  The  results  revealed  that  the  intensity  of  basal  poles 
decreased  along  the  rolling  direction  and  increased  along  the  normal  and  transverse  directions 
with  decreasing  rolling  (furnace)  temperature  or  the  elimination  of  reheating  between  passes. 
Keywords:  Ti-6A1-4V  alloy,  hot  rolling,  texture,  reheating 

1.  Introduction 

Alpha/beta  titanium  alloys  provide  an  excellent  combination  of  high  strength,  corrosion 
resistance,  and  low  density.  Hence,  they  are  widely  used  for  many  applications,  especially  in  the 
aerospace  industry.  Accounting  for  approximately  80  pet.  of  the  total  usage  in  the  US  market  [1], 
Ti-6A1-4V  is  the  most  common  material  in  this  class.  The  mechanical  behavior  of  the  material 

*  Corresponding  author  (e-mail:  ay  m  a  n .  s  al  c  m  (A;  w  p  a  lb .  a  f ,  m  i  1 ) 


1 


2/15/2008 


can  be  tailored  by  altering  microstructure  and  texture  through  judicious  choice  of 
thermomechanical  processing  (TMP)  parameters  [2-4], 

In  general,  three  broad  types  of  microstructures  can  be  developed  in  alpha/beta  titanium 
alloys  by  TMP  [2-4],  namely,  fully  lamellar,  fully  equiaxed,  and  duplex  (bi-modal).  A  mixture  of 
equiaxed  particles  of  primary  alpha  (ap)  and  lamellae  of  secondary  alpha  (as)  in  a  matrix  of  beta 
(P)  phase  comprises  the  duplex  microstructure.  Numerous  applications  require  the  duplex 
microstructure  due  to  its  good  yield  strength  and  ductility,  fatigue-crack-initiation  resistance,  and 
slow  fatigue-crack-propagation  rate  [5]. 

The  duplex  microstructure  can  exhibit  moderate -to-strong  crystallographic  textures  that 
develop  during  large  deformation  in  the  alpha  +  beta  phase  field.  For  example,  unidirectional 
rolling  usually  gives  rise  to  two  major  types  of  textures:  the  so-called  basal/transverse  (B/T),  in 
which  the  alpha-phase  basal  poles  are  located  along  the  plate-nonnal  and  long-transverse 
directions,  and  transverse  (T)  [3].  Low  temperature  deformation  tends  to  result  in  the  B/T  texture 
while  high  temperature  defonnation  (close  to  the  beta  transus  at  which  alpha  +  beta  — »  alpha) 
results  in  the  T  texture. 

Previous  research  for  titanium  alloys  with  a  duplex  microstructure  has  focused  for  the 
most  part  on  the  overall  texture  of  the  alpha  phase,  without  separating  that  of  the  ap  and  as 
micro-constituents.  However,  the  textures  of  ap  and  as  evolve  primarily  as  a  result  of  either  the 
deformation  in  the  two-phase  field  or  the  decomposition  of  the  hot-worked  beta  matrix  during 
cooling,  respectively.  Thus  ap  and  as  may  be  expected  to  develop  different  texture  components 
during  TMP. 
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The  separation  of  the  ap  deformation  texture  and  the  as  transformation  texture  is 
complicated  by  the  fact  that  the  alpha  phase  in  each  instance  consists  of  the  same  crystal 
structure  and  lattice  parameters.  Consequently,  it  is  very  difficult  to  distinguish  between  them 
using  standard  measurements  techniques  based  on  x-ray  or  electron-backscatter  diffraction 
(XRD,  EBSD)  [6].  Because  the  morphology  and  texture  of  ap  particles  and  as  lamellae  each 
have  a  major  influence  on  final  mechanical  properties,  a  number  of  techniques  are  now  under 
development  to  meet  this  need  [6]. 

The  current  work  was  undertaken  as  part  of  a  larger  program  to  apply  advanced 
characterization  techniques  to  quantify  the  effect  of  TMP  parameters  on  the  evolution  of 
microstructure  and  texture  in  alpha/beta  titanium  alloys  such  as  Ti-6A1-4V.  The  specific 
objective  of  the  present  effort  was  to  establish  the  effect  of  rolling  temperature  and  reheat 
schedule  on  microstructure  and  texture  development.  For  this  purpose,  techniques  based  on 
simultaneous  EBSD  and  EDS  (electron-dispersive  spectroscopy)  or  EBSD  image-quality  maps 
were  used  to  separate  the  textures  of  primary  and  secondary  alpha  [6]. 

2.  Material  and  experimental  procedures 

2.1.  Material 

The  material  used  in  the  present  program  was  identical  to  that  employed  previously  [6],  It 
comprised  Ti-6A1-4V  which  was  received  as  32-mm-thick  plate  having  a  measured  composition 
(in  weight  pet.)  of  6.15  aluminum,  3.9  vanadium,  0.20  oxygen,  0.21  iron,  0.008  nitrogen,  0.01 
carbon,  0.0031  hydrogen,  and  balance  titanium.  The  beta  transus  temperature  was  1080°C. 

The  as-received  Ti-6A1-4V  material  was  heated  to  955°C,  thus  dissolving  all  as  lamellae 
from  prior  processing,  soaked  for  four  hours,  and  furnace  cooled  to  produce  a  microstructure  of 
-95  pet.  equiaxed-alpha  particles  (ap)  in  a  matrix  of  retained  beta.  Selected  samples  were  water 
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quenched  from  955°C  in  order  to  quantify  the  texture  (and  microstructure)  of  the  primary  alpha 
present  at  the  soak  temperature. 

2.2.  Experimental  procedures 

The  broad  effect  of  TMP  parameters  on  microstructure  and  texture  development  was 
determined  by  conventional  hot  rolling  of  samples  measuring  32  x  38  x  76  mm  that  were  cut 
from  the  heat-treated-and- furnace-cooled  material.  The  preform  width  (38  mm)  was  limited  by 
the  load  capacity  of  the  two-high  rolling  mill  that  was  used.  Each  preform  was  furnace  heated  to 
a  temperature  of  either  815  or  955°C,  soaked  for  40  minutes,  and  hot  rolled  at  a  speed  of  30 
m/min  to  a  3:1  total  reduction  using  a  10-pct.  reduction  per  pass  and  a  reheat  time  between 
passes  of  three  minutes.  To  provide  further  insight  into  the  effect  of  heating  schedule  on  texture 
and  microstructure  development,  an  additional  perform  was  rolled  in  a  similar  fashion  using  a 
furnace  (preheat)  temperature  955°C  but  without  inter-pass  reheating.  Each  of  the  final  plates 
was  air  cooled  following  rolling  to  mimic  industrial  practice. 

To  characterize  microstructure  and  texture,  samples  of  the  unrolled  material  and  the  hot- 
rolled  plates  were  sectioned  along  the  mid-plane,  ground,  and  electropolished  at  20°C  in  a 
solution  of  590  ml  methanol  and  60  ml  perchloric  acid.  Following  electropolishing,  each  sample 
was  mounted  on  the  tilting  stage  inside  an  XL30  field-emission-gun  scanning-electron- 
microscope  (FEG-SEM).  The  microscope  was  operated  at  20  kV  and  10  nA  with  the  stage  tilted 
at  an  inclination  of  70°. 

Kikuchi  patterns  were  collected  using  an  EBSD  system  from  ED  AX  [7].  In  addition,  the 
local  composition  was  determined  via  simultaneous  EDS  analysis.  A  0.3 -pm  step  size  was  used 
to  cover  an  area  measuring  80  pm  x  120  pm.  Different  step  sizes  and  larger  areas  (within  the 
maximum  of  25  mm  x  35  mm  associated  with  the  microscope  construction)  were  also  utilized. 
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The  textures  of  ap  and  as  were  separated  using  the  EBSD/EDS  technique  described  in  Reference 

6. 

The  texture  results  from  the  present  technique  were  compared  to  those  obtained  using  the 
x-ray-diffraction  (XRD)  approach  developed  previously  by  Glavicic,  et  al.  [8].  For  this  purpose, 
an  additional  sample  was  removed  from  each  of  the  hot-rolled  Ti-6A1-4V  plates.  Each  of  these 
pieces  was  then  cut  into  two  equal  sections.  One  half  was  analyzed  in  the  as-hot-rolled  condition. 
The  other  was  given  a  heat  treatment  to  produce  an  alpha  microstructure  that  was  fully  globular; 
i.e.,  it  was  annealed  at  960°C  (just  above  the  rolling  temperature)  for  one  hour  followed  by 
furnace  cooling.  The  volume  fraction  of  primary  alpha  in  the  as-hot-rolled  duplex  microstructure 
was  determined  by  analysis  of  backscattered  electron  (BSE)  images  taken  in  a  Leica-Cambridge 
Stereoscan  360  FEG-SEM.  Subsequently,  both  pieces  were  prepared  for  XRD  on  the  RD-TD 
plane  at  the  mid-thickness  of  the  rolled  plate  using  standard  metallographic  techniques.  XRD 
measurements  were  conducted  using  Cu  Ka  radiation  from  an  1 8  kW  rotating  anode  source,  and 
textures  were  determined  from  measurements  of  partial  (10  1  0),  (0002),  (10  1  1),  (10  2  1),  and 
(112  0)  alpha-phase  pole  figures.  In  addition,  partial  (110)  and  (200)  beta -phase  pole  figures 
were  determined  to  enable  a  comparison  of  the  as  texture  and  the  texture  of  the  parent  beta 
phase.  The  partial  pole  figures  were  completed  using  the  orientation-distribution-function  (ODF) 
software  in  popLA  (preferred  orientation  package  from  Los  Alamos  National  Laboratory)  [9], 

3.  Results  and  discussion 

Microstructure  and  texture  results  demonstrated  a  marked  dependence  on  rolling 
temperature  primarily  due  to  the  associated  variation  in  the  volume  fractions  of  the  alpha  and 
beta  phases.  The  volume  fraction  of  alpha  is  -0.70  at  815°C  and  -0.3  at  955°C  [10],  These 
differences  affect  the  relative  partitioning  of  strain  between  the  two  phases  and  thus  the  evolution 
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of  deformation  texture  as  well  as  the  development  of  the  secondary-alpha  texture  due  to 
decomposition  of  the  hot-worked  beta  matrix. 

3.1.  Microstructure  evolution 

BSE  micrographs  revealed  a  noticeable  dependence  of  microstructure  on  processing 
variables.  The  microstructure  of  the  starting  material  heated  4  h  at  955°C  and  water  quenched 
(Figure  la)  contained  30  pet.  ap  in  a  matrix  of  fine  martensitic  alpha  in  agreement  with  the 
results  for  Ti-6A1-4V  in  Reference  10.  By  contrast,  furnace  cooling  following  the  heat  treatment 
at  955°C  produced  ~93  pet.  equiaxed  alpha  in  a  matrix  of  retained  beta  (Figure  lb).  The  absence 
of  any  transformation  product  in  the  furnace-cooled  sample  confirmed  the  appropriateness  of  the 
heat  treatment  to  dissolve  all  secondary-alpha  lamellae  in  the  as-received  material,  and  therefore 
assured  that  the  measured  secondary-alpha  textures  were  due  solely  due  to  the  prescribed  TMP 
practices. 

BSE  micrographs  of  the  hot-rolled  materials  (Figure  2)  mirrored  their  respective 
processing  parameters,  denoted  here  as  HTWR  (rolled  from  a  furnace  at  955°C  with  inter-pass 
reheats),  HTNR  (rolled  from  a  furnace  at  955°C  without  inter-pass  reheats),  and  FTWR  (rolled 
from  a  furnace  at  815°C  with  inter-pass  reheats).  Routes  HTWR  and  HTNR  both  showed  a 
duplex  microstructure  with  a  mixture  of  ap  and  as  lamellar  colonies.  Specifically,  the  volume 
fractions  of  ap  were  0.30  and  0.30  for  the  HTWR  and  HTNR  routes,  respectively.  The  similarity 
of  the  volume  fraction  of  ap  in  the  HTWR  sample  to  that  in  the  sample  water  quenched  from 
955°C  suggested  that  the  cooling  rate  after  the  final  pass  was  fast  enough  to  prevent  substantial 
growth  of  the  ap  prior  to  the  decomposition  of  the  beta  matrix.  Similarly,  measurements  of  the 
surface  temperature  and  rolling  pressure  at  the  completion  of  the  HTNR  sequence  indicated  that 
the  temperature  within  this  perform  had  dropped  to  ~815°C  during  transfer  from  the  furnace  and 
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the  various  rolling  passes  prior  to  final  air  cooling.  In  this  case,  the  lack  of  a  large  amount  of 
growth  of  ap  may  be  ascribed  to  the  rapid  decomposition  of  the  beta  matrix  due  to  concurrent 
deformation,  thus  providing  a  strong  pinning  tendency  and  reducing  the  supersaturation  required 
for  growth  of  ap. 

Compared  to  the  observations  for  samples  rolled  using  a  furnace  temperature  of  955°C, 
the  microstructure  for  route  LTWR  did  not  show  any  signs  of  as  lamellae  and  a  volume  fraction 
of  ap  comparable  to  that  at  the  rolling  temperature,  i.e.,  0.68  for  the  rolled  sample  versus  0.70  for 
the  preheated-and-water-quenched  material. 

3.2.  Texture  evolution 

Texture  evolution  during  preheating  and  after  the  three  different  rolling  processes  was 
quantified  using  (0001)  alpha-phase  pole  figures  for  ap  +  as,  for  ap  by  itself,  and  for  as  by  itself. 
Selected  beta-phase  textures  were  also  detennined  and  represented  using  (110)  pole  figures. 

3.2.1.  Combined  ap  +  as  textures 

The  combined  texture  of  the  primary  and  secondary  alpha  (ap+as)  revealed  a  noticeable 
dependence  on  processing  parameters.  For  the  unrolled  material,  furnace  cooling  from  955°C 
produced  a  strong  texture  comprising  basal  poles  along  the  rolling  and  transverse  directions  (RD 
and  TD)  with  almost  similar  intensity.  Water  quenching  led  to  a  major  texture  component  along 
the  RD  only  (Figure  3). 

The  intensity  and  nature  of  the  texture  components  was  greatly  reduced  by  rolling  (Figure 
4).  Specifically,  the  times-random  intensities  were  reduced  from  ~15  to  ~4.  Furthermore,  the 
intensity  along  the  TD  was  greater  and  the  intensity  along  the  RD  lesser  for  the  lower  rolling 
temperature  (i.e.,  815°C)  with  reheats  (Figure  4d)  compared  to  the  intensities  for  the  sample 
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rolled  at  955°C  with  reheats  (Figures  4b).  Moreover,  a  new  component  appeared  with  the  c-axis 
titled  ~20°  from  the  ND  towards  the  RD  for  the  sample  rolled  at  815°C.  Rolling  from  a  955°C 
furnace  without  reheating  had  a  similar  but  weaker  effect  on  the  texture  components  compared  to 
the  observations  for  low-temperature  rolling.  That  is  to  say,  there  was  a  measurably  greater 
intensity  of  basal  poles  along  the  TD  and  a  component  with  the  c-axis  titled  from  the  ND 
towards  the  RD  (Figure  4c). 

The  measured  textures  contrast  somewhat  with  results  in  literature  [2-4,  11],  an  effect 
that  may  be  ascribed  to  differences  in  starting  microstructure  and  texture  as  well  as  reheating 
practices.  In  particular,  the  work  by  and  Peters  and  Luetjering  [4}  utilized  Ti-6A1-4V  with  a 
random  starting  texture  and  a  transformed  beta  microstructure;  rolling  was  done  without 
reheating.  A  B/T-type  texture  was  obtained  at  low  rolling  temperatures  at  which  a  high  volume 
fraction  of  alpha  is  present  during  deformation.  At  temperatures  high  in  the  alpha  +  beta  phase 
field,  at  which  the  volume  fraction  of  beta  is  large,  a  beta  deformation  texture  was  developed 
during  rolling.  To  rationalize  the  T  texture  of  the  alpha  phase  fonned  during  cooling  from  these 
temperatures,  therefore,  Peters  and  Luetjering  concluded  that  preferential  variant  selection 
occurred  during  decomposition  of  the  beta;  i.e.,  during  the  cooling  process,  alpha  phase  formed 
on  only  one  of  the  six  possible  {110}  planes  of  the  beta  phase  that  satisfy  the  Burgers 
relationship  (0002)a  ||  (1 10)p.[12],  According  to  Frederick  [13],  the  favored  variant(s)  are 
controlled  by  the  strain  imposed  during  the  rolling  process.  Last,  for  samples  rolled  at 
intermediate  temperatures  in  the  two-phase  field,  the  intensity  of  the  alpha-phase  defonnation 
texture  (B/T)  would  tend  to  decrease  because  of  partial  alpha-phase  accommodation  of  the 
imposed  strain,  and  the  T  texture  associated  with  beta  transformation  would  be  of  low  intensity 
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due  to  the  moderate  volume  fraction  of  beta  present  during  deformation  [13].  Consequently,  a 
fairly  weak  overall  alpha-phase  texture  is  observed  at  intermediate  rolling  temperatures  [4]. 

In  contrast  to  the  work  of  Peters  and  Luetjering  [4],  the  starting  texture  was  not  random 
for  the  present  material.  It  had  basal  poles  along  both  the  RD  and  TD.  Because  high  temperature 
rolling  tends  to  produce  the  T  type  texture,  the  intensity  of  the  texture  component  along  the  TD 
in  the  present  material  would  tend  to  predominate  relative  to  the  one  along  the  RD  for  rolling  at 
955°C  with  reheats,  as  was  observed  (Figure  4b).  Reheating  between  passes  in  the  present  work 
may  have  tended  to  lessen  the  tendency  to  form  a  sharp  beta  deformation  texture  (and  the 
associated  alpha  texture  developed  during  transformation)  due  to  static  recrystallization  and  thus 
explain  the  low  overall  texture  intensity  formed  during  rolling  at  955°C  compared  to  that  found 
by  Peters  and  Luetjering  [4]. 

Because  defonnation  at  low  temperatures  tends  to  yield  a  B/T  type  (defonnation)  texture, 
rolling  at  815°C  in  the  present  work  would  tend  to  weaken  the  intensity  of  the  basal  poles  along 
the  RD  and  strength  the  ones  along  the  TD,  as  was  observed  (Figure  4d).  In  addition,  a 
component  comprising  basal  poles  along  the  normal  direction  (ND)  would  develop,  in  line  with 
the  appearance  of  the  component  titled  ~20°  from  the  ND. 

Hot  rolling  from  a  furnace  at  955°C  without  reheating  between  passes  represents  a 
scenario  combining  features  of  the  other  two  sequences.  During  the  initial  passes,  the  T  type 
texture  would  be  dominant,  while  at  the  end  of  the  rolling  the  development  of  the  B/T  type  of 
texture  would  be  promoted.  The  net  result  was  a  high  intensity  of  basal  poles  along  the  TD  and  a 
weaker  intensity  of  the  B-type  texture  compared  to  rolling  at  815°C  with  reheats  (Figure  4c). 
3.2.2.  Primary-alpha  (ap)  textures 
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Separation  of  the  primary-alpha  (ap)  texture  from  the  overall  alpha-phase  texture  using 
the  EBSD/EDS  and  EBSD/image-quality  techniques  provided  further  insight  into  the  effect  of 
rolling  temperature  and  reheating  on  texture  formation. 

For  the  sample  rolled  at  955°C  with  inter-pass  reheating,  for  example,  EBSD/EDS 
separation  revealed  that  a  majority  of  the  basal  poles  in  the  ap  texture  were  aligned  with  the  RD 
(Figure  5a),  in  contrast  to  the  slight  predominance  of  the  TD  component  for  the  overall  texture 
(Figure  4b).  Moreover,  the  ap  texture  was  seen  to  be  much  stronger  after  separation  from  the 
weak  overall  texture  developed  during  rolling  at  955°C  (Figure  4b).  A  masking  effect  of  the  ap 
texture  by  the  overall  texture  can  be  ascribed  to  the  small  volume  fraction  of  primary  alpha  at 
955°C.  Furthermore,  there  was  no  evidence  of  texture  components  lying  at  45°  to  the  RD  (and 
TD)  (i.e.,  y  fiber)  in  the  ap  texture  following  rolling  at  955°C,  in  contrast  to  the  observation  for 
the  unrolled-and-furnace-cooled  material  (Figure  4a/3b,). 

Further  examination  of  the  texture  of  the  unrolled  material  which  was  annealed  at  955°C 
and  then  water  quenched  (Figure  3a)  provided  a  plausible  explanation  for  the  strong  ap  RD 
component  following  rolling  at  955°C.  Because  of  the  poor  image  quality  of  the  martensitic 
alpha,  the  pole  figure  in  Figure  3a  pertains  to  the  primary  alpha  at  955°C.  A  comparison  of 
Figures  3a  and  5a  thus  reveals  that  the  ap  texture  after  rolling  at  955°C  was  largely  inherited 
from  the  starting  ap  texture.  The  small  amount  of  plastic  strain  accommodated  by  the  low 
volume  fraction  of  primary  alpha  during  rolling  at  955°C  led  to  a  slight  “smearing”  and  rotation 
of  the  basal  poles  toward  the  TD  direction,  but  not  enough  to  noticeably  eliminate  the  very 
strong  RD  component  inherited  from  the  unrolled  material. 

During  high-temperature  rolling  without  reheating,  the  temperature  of  the  material 
dropped  considerably  toward  the  end  of  the  rolling  process.  Although  the  volume  fraction  of 
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primary  alpha  did  not  change  noticeably  (Figure  2b),  beta  matrix  decomposition  occurred  during 
rolling,  leading  to  a  microstructure  of  primary  alpha  in  a  much  stiffer  transfonned  beta  matrix. 
This  microstructure  increased  the  amount  of  plastic  strain  accommodated  by  ap  (relative  to  that 
during  rolling  at  955°C  with  inter-pass  reheating)  and  enhanced  the  formation  in  the  ap  of  a 
marked  deformation  texture  comprising  a  strengthened  texture  component  along  the  TD  and  the 
appearance  of  basal  poles  close  to  the  ND  (Figure  5b).  Similarly,  rolling  at  815°C,  at  which  the 
microstructure  comprised  a  large  amount  of  primary  alpha  and  a  small  amount  of  beta,  led  to  an 
increase  in  the  intensity  of  the  TD  component,  the  disappearance  of  the  RD  component,  and  the 
appearance  of  the  B-type  texture  for  the  ap  portion  of  the  material  (Figure  5c).  These  results 
confirm  that  the  deformation  of  primary  alpha  contributes  greatly  to  the  formation  of  the  B/T- 
type  texture. 

3.2.3.  Secondary  alpha  texture 

The  as  textures  separated  from  the  overall  texture  using  the  EBSD/EDS  technique  shed 
further  light  on  deformation  during  rolling  with  a  preheat  (furnace)  temperature  of  955°C. 
During  rolling  at  955°C  with  inter-pass  reheating,  most  of  the  plastic  strain  is  accommodated  by 
the  soft  beta  phase,  and  a  strong  deformation  texture  is  formed  in  the  beta.  When  the 
confounding  influence  of  the  primary  alpha  (and  its  associated  RD  texture  component)  is 
subtracted  from  the  overall  texture,  the  degree  of  variant  selection  during  decomposition  of  the 
hot-worked  beta  became  apparent  (Figure  6a).  Not  surprisingly,  the  TD  component  was  strongest 
in  agreement  with  the  work  of  Frederick  [13].  However,  additional  weaker  components  along  the 
RD  and  at  45°  to  the  RD  and  TD,  which  are  also  related  to  the  beta  deformation  texture,  were 
evident. 
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The  relationship  between  the  as  texture  developed  by  hot  rolling  at  955°C  with  inter-pass 
reheating  and  the  corresponding  beta-deformation  texture  was  further  elucidated  by  a 
comparison  of  the  basal  pole  figure  for  the  as  (figure  6a)  and  the  (110)  pole  figure  for  the  beta 
(Figure  7a).  The  beta  texture  was  a  classical  “cube-on-face”  type,  i.e.,  (100)01 1>.  The 
correspondence  of  the  locations  of  the  intensity  maxima  on  the  two  figures  is  evident,  thus 
indicating  that  the  burgers  relation  was  obeyed  for  the  close-packed  planes  in  the  beta  and  alpha 
phases  during  decomposition  of  the  fonner.  However,  the  comparison  does  show  quantitative 
differences  in  the  intensities  at  specific  locations.  The  (110)p  pole  figure  showed  an  essentially 
uniform  intensity  for  all  its  texture  components.  On  the  other  hand,  the  (000 l)a  pole  figure 
showed  a  stronger  intensity  along  the  TD  and  weaker  intensities  at  the  other  locations.  This 
difference  in  intensities  can  be  explained  by  preferential  variant  selection  during  the  beta-to- 
alpha  transformation,  for  if  all  twelve  variants  of  alpha  phase  were  to  occur  with  equal 
probability,  the  (101)p  pole  figure  would  be  similar  to  the  (000  l)a  pole  figure  [14],  which  was 
not  the  case. 

For  hot  rolling  at  955°C  without  inter-pass  reheats,  part  of  the  beta  matrix  decomposed  to 
form  as  lamellae  as  the  temperature  dropped  continuously  during  deformation  and  between 
passes.  The  deformation  and  transformation  behavior  therefore  led  to  two  distinct  differences  in 
the  nature  of  texture  evolution  in  comparison  to  the  case  involving  reheating  between  passes. 
First,  as  noted  in  Section  3.2.2,  the  strain  partitioned  to  the  primary  alpha  was  increased,  thereby 
enhancing  the  formation  of  deformation  texture  in  this  constituent.  Secondly,  the  beta 
deformation  texture  prior  to  transformation  would  have  been  sharper  and  the  dislocation 
substructure  developed  in  the  beta  phase  would  have  been  higher  in  samples  rolled  without 
reheating  due  to  the  reduced  recovery  rates  at  lower  temperatures,  let  alone  the  absence  of  the 
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reheating  soak  times.  The  very  sharp  as  texture  (Figure  6b)  may  thus  be  related  to  the  sharp  beta 


deformation  texture  as  well  as  a  possible  enhancement  of  the  variant  selection  process  associated 
with  dislocation  substructure. 

Samples  rolled  at  815°C  did  not  have  a  measurable  amount  of  as  (Figure  3c). 


3.3.  Comparison  ofEBSD  and  XRD  techniques 

The  overall  textures  detennined  by  the  “indirect”  XRD  technique  (Figure  8)  were  similar 
to  those  derived  via  EBSD  (Figure  4);  i.e.,  they  showed  an  increase  in  the  intensity  along  the  TD, 
a  weakening  of  the  intensity  along  the  RD,  and  the  appearance  of  titled  ND  basal  poles  as  the 
rolling  temperature  was  decreased.  Although  both  techniques  involved  sampling  of  equivalent 
areas  (25  x  25  mm),  however,  there  were  some  distinctive  differences  in  the  measurements, 
especially  for  the  unrolled  material  and  the  sample  rolled  at  955°C  with  inter-pass  reheating 
(Figure  4a, b  and  Figure  8a, b).  For  example,  XRD  showed  an  extra  texture  component  at  45° 
from  the  RD  and  TD  (Figures  4a  vs.  8a).  This  component  was  most  probably  due  to  overlap  of 
the  alpha  and  beta  peaks  in  the  XRD  patterns. 

The  XRD  ap  textures  (Figure  9),  utilizing  samples  heated  to  the  prior  TMP  temperature 
and  furnace  cooled  to  eliminate  secondary  alpha,  were  also  similar,  but  not  identical,  to  the 
corresponding  EBSD/EDS  data  measured  directly  on  samples  containing  both  primary  and 
secondary  alpha  (Figure  5).  The  XRD  measurements  revealed  that  rolling  at  lower  temperatures 
caused  an  increase  in  the  intensity  of  the  TD  component  and  a  weakening  of  the  RD  component 
until  it  disappeared  completely  during  rolling  at  815°C,  in  broad  agreement  with  the  EBSD/EDS 
results.  As  surmised  previously  [6],  some  of  the  quantitative  differences  between  the  results  from 
the  two  methods  are  a  result  of  the  preferential  enhancement  of  selected  texture  components 
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during  the  heat  treatment  used  to  grow  the  primary  alpha  for  the  XRD  method.  Contamination  of 
the  (0001)a  pole  figures  with  (101)p  peaks  (e.g.,  Figure  9a)  may  have  led  to  some  of  the 
differences  as  well. 

The  XRD  as-texture  component  calculated  by  subtraction  of  the  ap  texture  from  the 
overall  texture  [8]  (Figure  10)  exhibited  moderate  basal-pole  intensities  along  the  TD  that  were 
similar  to  but  lower  in  magnitude  than  those  from  the  EBSD/EDS  method  (Figure  6).  However, 
the  weaker  RD  components  were  not  detected  by  XRD.  Hence,  it  is  concluded  that  the  XRD 
texture  separation  technique  may  yield  results  which  are  beneficial  for  overall  process  design  but 
should  not  be  viewed  as  being  totally  quantitative. 

4.  Summary  and  conclusions 

Samples  of  Ti-6A1-4V  with  an  equiaxed-alpha  preform  microstructure  were  rolled  with 
and  without  inter-pass  reheating  at  high  and  low  temperatures  in  the  alpha  +  beta  phase  field. 
From  this  work,  the  following  conclusions  were  drawn: 

1.  Irrespective  of  rolling  temperature,  the  alpha-phase  texture  includes  a  component 
comprising  basal  poles  along  the  TD.  For  high  temperature  rolling  with  inter-pass 
reheating,  this  is  the  main  component  and  results  from  the  formation  of  secondary  alpha 
via  non-random  variant  selection  during  the  decomposition  of  the  beta  matrix. 

2.  High  temperature  hot  rolling  without  reheating  results  in  basal/transverse-type 
deformation  texture  with  a  weak  basal  component.  The  strength  of  the  basal  component 
increases  by  decreasing  the  rolling  temperature. 

3.  Both  primary  and  secondary  alpha  contribute  to  the  basal/trasverse  type  texture  during 
low  temperature  rolling. 
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4.  The  presence  of  RD  texture  components  following  hot  rolling  may  be  associated  with  the 

persistence  of  a  primary-alpha  component  present  in  the  material  prior  to  rolling. 

Acknowledgements-  This  work  was  conducted  as  part  of  the  in-house  research  activities  of  the 
Metals  Processing  Group  of  the  Air  Force  Research  Laboratory’s  Materials  and  Manufacturing 
Directorate.  The  support  and  encouragement  of  the  Laboratory  management  and  the  Air  Force 
Office  of  Scientific  Research  (Dr.  J.  Fuller,  program  manager)  are  gratefully  acknowledged.  The 
assistance  of  R.  Wheeler  in  conducting  the  experimental  work  is  much  appreciated.  Two  of  the 
authors  were  supported  through  Air  Force  Contracts  F33615-03-D-5801  (AAS)  and  FA8650-04- 
D-5235  (MGG). 

References 

1.  D.  Eylon,  S.R.  Seagle,  in:  Titanium  99:  Science  and  Technology,  ed.  I.V.  Gorynin,  and  S.S. 
Ushkov,  CRISM  "PROMETEY",  St.  Petersburg,  2000,  pp.  37-41 

2.  S.L.  Semiatin,  V.  Smeetharaman,  I.  Weiss,  in:  Advances  in  the  Science  and  Technology  of 
Titanium  Alloy  Processing,  ed.  I.  Weiss,  R.  Srinivasan,  P.J.  Bania,  D.  Eylon,  and  S.L. 
Semiatin,  TMS,  Warrendale,  PA,  1997,  pp.  3-73. 

3.  G.  Lutjering,  Materials  Science  and  Engineering  A243  (1998)  32-45. 

4.  M.  Peters,  G.  Luetjering,  in:  Titanium  80:  Science  and  Technology,  ed.  H.  Kimura  and  O. 
Izumi,  Kyoto,  Japan,  1980,  pp.  925-938. 

5.  G.  Lutjering,  J.C.  Williams,  in:  Titanium,  Springer- Verlag,  Berlin,  Germany,  2003,  pp.220- 
224. 

6.  A.A.  Salem,  M.G.  Glavicic,  S.L.  Semiatin,  Materials  Science  and  Engineering  A,  2007,  in 
press. 

7.  EDAX,  Inc.,  392  East  12300  South,  Suite  H.,  Draper,  UT  84020. 

8.  M.  G.  Glavacic,  J.  D.  Miller,  S.  L.  Semiatin,  Scripta  Materialia  54  (2006)  281-286. 


15 


2/15/2008 


9.  Los  Alamos  Polycrystal  Plasticity  Code,  Los  Alamos  National  Laboratory,  Report  LA-CC- 
88-6,  1988. 

10.  S.L.  Semiatin,  S.L.  Knisley,  P.N.  Fagin,  F.  Zhang,  D.R.  Barker,  Metall.  Mater.  Trans.  34A 
(2003)  2377-2386. 

11.  J.Song,  K.  Hong,  T.K.  HA,  H.  T.  Jeong,  Materials  Science  and  Engineering  A449-451 
(2007)  144-148. 

12.  W.G.  Burgers,  Physica  1  (1934)  561-586 

13.  S.  F  Frederick,  Report  AFML-TR-73-265,  1973. 

14.  N.  Gey,  M.  Humbert,  M.J.  Philippe,  Y.  Combres,  Materials  Science  and  Engineering  A230 
(1997)  68-74. 


16 


2/15/2008 


Figure  Captions 


Figure  1.  SEM  BSE  images  of  the  microstructure  developed  in  the  unrolled  Ti-6A1-4V  program 
material  during  heat  treatment  at  955°C  for  4  hours  followed  by  (a)  water  quenching 
or  (b)  furnace  cooling. 

Figure  2.  SEM  BSE  images  of  the  microstructures  developed  in  Ti-6A1-4V  during  air  cooling 
following  rolling  at  (a)  955°C  with  3-min  inter-pass  reheats,  (b)  955°C  with  no 
reheating,  and  (c)  815°C  with  3-min  inter-pass  reheats.  The  rolling  direction  (RD)  is 
horizontal,  and  the  long  transverse  direction  (TD)  is  vertical. 

Figure  3.  Alpha-phase  (0001)  pole  figures  determined  by  EBSD  for  unrolled  Ti-6A1-4V  heat 
treated  4  hours  at  955°C  followed  by  (a)  water  quenching  or  (b)  furnace  cooling. 
Scanned  areas  were  1.2  mm  x  1.2  mm.  (Mention  that  figure  (a)  comprises  only 
primary  alpha) 

Figure  4.  Alpha-phase  (ap+as)  {0001}  pole  figures  determined  by  EBSD  for  Ti  6A1-4V  (a)  as- 
heat-treated  and  furnace  cooled,  Rolled  along  the  Reference  direction  at  (b)  955°C  +  3 
min  reheat,  (c)  955°C  +  No  reheat,  and  (d)  815°C  +  3  min  reheat  and  rolled 
perpendicular  to  the  reference  direction  (e)  955°C  +  3  min  reheat  and  (f)  815°C  +  3 
min  reheat. 

Figure  5.  Primary-alpha  (ap)  (0001)  pole  figures  determined  by  EBSD/EDS  for  Ti-6A1-4V  rolled 
at  (a)  955°C  with  3-min  inter-pass  reheats,  (b)  955°C  with  no  reheating,  and  (c) 
815°C  with  3-min  inter-pass  reheats. 

Figure  6.  Secondary-alpha  (as)  (0001)  pole  figures  determined  by  EBSD/EDS  for  Ti-6A1-4V 
rolled  at  (a)  955°C  with  3-min  inter-pass  reheats  and  (b)  955°C  without  inter-pass 
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reheats.  The  material  rolled  at  815°C  with  inter-pass  reheating  did  not  contain 
measurable  secondary  alpha. 

Figure  7.  Comparison  of  (a)  (110)p  pole  figure  determined  by  XRD  and  (b)  the 
(000  l)a  secondary-alpha  pole  figure  determined  by  EBSD/EDS  for  Ti-6A1-4V  after 
hot  rolling  at  955°C  with  3-min  inter-pass  reheats. 

Figure  8.  Alpha-phase  (ap+as)  (0001)  pole  figures  determined  by  XRD  for  Ti-6A1-4V  (a)  heat 
treated  and  furnace  cooled,  (b)  rolled  at  955°C  with  3-min  inter-pass  reheats,  (c) 
rolled  at  955°C  with  no  reheating,  and  (d)  rolled  at  815°C  with  3-min  inter-pass 
reheats. 

Figure  9.  Primary-alpha  (ap)  (0001)  pole  figures  determined  by  XRD  for  Ti-6A1-4V  rolled  at  (a) 
955°C  with  3-min  inter-pass  reheats,  (b)  955°C  with  no  reheating,  and  (c)  815°C  with 
3-min  inter-pass  reheats. 

Figure  10.  Secondary-alpha  (as)  (0001)  pole  figures  determined  by  the  XRD  texture  subtraction 
technique  [8]  for  Ti-6A1-4V  rolled  at  (a)  955°C  with  3-min  inter-pass  reheats  and  (b) 
955°C  without  inter-pass  reheats.  The  material  rolled  at  815°C  with  inter-pass 
reheating  did  not  contain  measurable  secondary  alpha. 
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(a)  (b) 


Figure  1.  SEM  BSE  images  of  the  microstructure  developed  in  the  unrolled  Ti-6A1-4V 
program  material  during  heat  treatment  at  955°C  for  4  hours  followed  by  (a)  water 
quenching  or  (b)  furnace  cooling. 


(a)  (b)  (c) 


Figure  2.  SEM  BSE  images  of  the  microstructure  developed  in  the  Ti-6A1-4V  program 
material  as-rolled  and  air  cooled  at  (a)  955°C  +  3  min  reheat,  (b)  955°C  +No  reheat,  and 
(c)  815°C  +  3  min  reheat.  The  rolling  direction  (RD)  is  horizontal  and  transverse 
direction  (TD)  is  vertical. 
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(a)  (b) 


Figure  3.  Alpha-phase  (0001)  pole  figures  determined  by  EBSD  for  unrolled  Ti-6A1-4V 
heat  treated  4  hours  at  955°C  followed  by  (a)  water  quenching  or  (b)  furnace  cooling. 
Scanned  areas  were  1 .2  mm  x  1 .2  mm. 
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Figure  4.  Alpha-phase  (ap+as)  {0001}  pole  figures  determined  by  EBSD  for  Ti  6A1-4V 
(a)  as-heat-treated  and  furnace  cooled,  Rolled  along  the  Reference  direction  at  (b)  955°C 
+  3  min  reheat,  (c)  955°C  +  No  reheat,  and  (d)  815°C  +  3  min  reheat  and  rolled 
perpendicular  to  the  reference  direction  (e)  955°C  +  3  min  reheat  and  (f)  815°C  +  3  min 
reheat. 
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Figure  5.  Primary  Alpha-phase  (ap)  {0001}  pole  figures  determined  by  EBSD/EDS  for 
Ti  6A1-4V  (a)  rolled  at  955°C  with  3  min  reheat,  (b)  rolled  at  955°C  without  reheat,  and 
(c)  rolled  at  815°C  with  3  min  reheat. 
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Figure  6.  Secondary  alpha-phase  (as)  {0001}  pole  figures  determined  by  EBSD/EDS  for 
Ti  6A1-4V  (a)  rolled  at  955°C  with  3  min  reheat  and  (b)  rolled  at  955°C  without  reheat. 
Note,  that  the  material  rolled  at  815oC  with  reheat  did  not  have  secondary  alpha  (figure 
3c). 
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Figure  7.  (a)  Beta-phase  (p)  {110}  pole  figure  detennined  by  XRD  technique  and  (b)  the 
secondary  alpha-phase  (as)  {0001}  pole  figure  determined  by  EBSD/EDS  for  Ti  6A1-4V 
after  hot  rolling  at  955°C  with  3  min  reheat. 
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Figure  8.  Alpha-phase  (ap+as)  {0001}  pole  figures  determined  by  XRD  for  Ti-6A1-4V 
(a)  as  heat  treated  and  furnace  cooled,  (b)  rolled  at  955°C  with  3  min  reheat,  (c)  rolled  at 
955°C  without  reheat,  and  (d)  rolled  at  815°C  with  3  min  reheat 


Figure  9.  Primary  Alpha-phase  (ap)  {0001}  pole  figures  determined  by  XRD  for  Ti  6A1- 
4V  (a)  rolled  at  955°C  with  3  min  reheat,  (b)  rolled  at  955°C  without  reheat,  and  (c) 
rolled  at  8 1 5°C  with  3  min  reheat. 
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Figure  10.  Secondary  alpha-phase  (as)  {0001}  pole  figures  detennined  by  texture 
subtraction  technique  [??]  for  Ti  6A1-4V  (a)  rolled  at  955°C  with  3  min  reheat  and  (b) 
rolled  at  955°C  without  reheat.  Note,  that  the  material  rolled  at  815oC  with  reheat  did  not 
have  secondary  alpha  (figure  3c). 
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